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Rhythm is something you either have or don't 
have, but when you have it, you have it all over 
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Many aspects of the behavior and physiology of plants are temporally structured and 
oscillate during the day as result of Earth’s rotation. These biological rhythms are not only 
driven by environmental fluctuations, they are under the control of an endogenous 
timekeeper mechanism, the circadian clock (from the Latin words “circa”, about and “dies”, 
day). Circadian clocks, often referred as biological clocks or oscillators, have evolved to 
generate endogenous self-sustained rhythms of ~ 24 h that enable plants and other 
organisms to be entrained (synchronized) with the environment. Correct matching of the 
endogenous period with that of the environmental cycle, namely “circadian resonance”, 
enhances plant fitness (Dodd et al. 2005). Consequently, countless aspects of the physiology 
of plants are under the control of the circadian clock. 
Circadian clocks confer several benefits to their owners. First, they provide the means to 
predict and anticipate rhythmic changes in the environment. Second, they have a critical 
role in the temporal organization of multiple pathways/processes which allows the 
sequential organization and temporal partitioning incompatible cellular events. Finally, the 
oscillator generates temporal windows of differential sensitivity and responsiveness to 
various stimuli. This phenomenon, known as circadian gating, is thought to restrict plant 
responses to physiologically appropriate times of day (Covington & Harmer, 2007; Millar, 
2015).  
Another property of circadian clocks is their remarkable phenotypic plasticity. The plant 
oscillator is synchronized by environmental cues, also known as “zeitgebers” (for time 
givers in German), such as light, temperature and humidity signals, (Devlin & Kay, 2001; 
Salomé & McClung, 2005; Mwimba et al., 2018). However, the clock does not function 
invariantly, isolated from the plant physiological status (Figure 1). Multiple metabolites and 
hormones carry out feedback regulation of clock activity (Haydon et al., 2017; Webb et al., 
2019). Biotic factors, such as herbivores and microbial pathogens, also act as input signals 
to the circadian clock. This is exemplified in the response of Arabidopsis plants to the 
bacterial pathogen Pseudomonas syringae which triggers whole-plant changes in the 
circadian system to modulate the systemic expression of resistance or tolerance traits (Li et 
al., 2018a). Thus, the circadian clock is a dynamically adjusting system pervious to multiple 
















Figure 1 | Regulation of circadian clock activity  
The circadian clock is synchronized with the environmental cycle by light, 
temperature and humidity. Biotic factors, such as herbivores and microbial pathogens, 
can also act as input signals to the circadian clock. Primary metabolites and hormones 
are under extensive circadian regulation and carry out feedback regulation of clock 
activity.  
 
Molecular components of the plant circadian clock 
The initial work on the characterization of the molecular mechanisms governing circadian 
rhythms dates back to 1980s when the Nobel laureates Jeffrey C. Hall, Michael Rosbash and 
their co-workers Pranhitha Reddy, William A. Zehring, David A. Wheeler, Vincent Pirrotta, 
and Christopher Hadfield isolated and characterized the first circadian clock gene from the 
fruit fly Drosophila melanogaster. This key discovery in chronobiology cooccurred with the 
widespread adoption of Arabidopsis thaliana as a model system (Meyerowitz, 2001) and 
was followed by the identification of the first circadian clock genes in plants (Wang & Tobin, 
1998; Schaffer et al., 1998).  
Over the last decades, our knowledge on the architecture and the mechanisms of regulation 
of the plant circadian clock has grown exponentially (Figure 2). The circadian system in 
plants is an expanding network of over 20 transcriptional regulators arranged in multiple 
interconnected transcriptional/translational feedback loops (Shalit-Kaneh et al., 2018) 
(Figure 3). The first clock genes identified in plants were the morning elements and MYB 
transcription factors, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED 
HYPOCOTYL (LHY) (Wang & Tobin, 1998; Schaffer et al., 1998). These two proteins are 












Figure 2 | Number of publications related to the plant circadian oscillator  
The first clock gene mutation (per) was discovered in 1971 in the fruit fly Drosophila 
melanogaster and mapped and cloned in 1984 (Reddy et al., 1984). The widespread 
adoption of Arabidopsis as a model plant, occurred in the 1980s (Meyerowitz, 2001). 
The first components of the Arabidopsis circadian clock CCA1 and LHY were identified 
in 1998. The first clock mutant in Arabidopsis (toc1) was identified in 1995 but the 
gene was not cloned until the year 2000 (source: PubMed). 
 
The discovery of these two components of the plant circadian clock was followed by the 
identification of the evening loop gene PSEUDO RESPONSE REGULATOR/TIMING OF CAB 
EXPRESSION 1 (PRR1/TOC1) (Millar et al., 1995; Strayer et al., 2000). Functionally, TOC1 
occupies specific genomic regions in the promoters of CCA1 and LHY to repress their 
transcription (Gendron et al., 2012). In turn, CCA1 and LHY bind directly to the TOC1 
promoter to negatively regulate its expression. These regulatory loop defines the core 
repressilator circuit of the plant circadian clock (Alabadí et al., 2001; Pokhilko et al., 2012). 
In the morning, the clock components LHY and CCA1 repress the transcription of additional 
PSEUDO RESPONSE REGULATORs (PRRs). As LHY and CCA1 protein levels decline during 
the day, PRRs mRNA levels start to rise. PRRs also act as transcriptional repressors and are 
sequentially expressed throughout the day, creating a continuous set of negative regulatory 
events which include, among others, the suppression of LHY and CCA1 transcription 
(Matsushika et al., 2000) (Figure 3). At the end of the day, GIGANTEA (GI), a plant specific 
nuclear protein, stabilizes the F-box protein and blue-light photoreceptor ZEITLUPE (ZTL) 
which targets TOC1 for proteasomal-dependent degradation (Más et al., 2003b; Kim et al., 
2007). At night, EARLY FLOWERING 3 (ELF3), ELF4 and the transcription factors LUX 
ARRHYTHMO (LUX) form a protein complex, the Evening Complex (EC), that binds to lux 
binding sites (LBS) and repress the expression of PRRs (Helfer et al., 2011).  
The plant circadian clock is characterized by the prevalence of repressive interactions 
between its components. At present, only a few activator genes have been identified in the 
Arabidopsis clock, LIGHT REGULATED WD1 (LWD1) and the MYB-like transcription factor 


























LWD1 promotes the transcription of the clock components CCA1, PRR5, TOC1 and PRR9 
(Wang et al., 2011). Two TCP transcription factors, TEOSINTE BRANCHED1-CYCLOIDEA-
PCF20 (TCP20) and TCP22, mediate the LWD1 dependent activation of CCA1 (Wu et al., 
2016) whereas RVE8 interacts with the LIGHT-INDUCIBLE AND CLOCK-REGULATED 1 
(LNK1) and LNK2 proteins to activate the transcription of PRR9/5, TOC1, LUX and ELF4. In 




Figure 3 | Scheme of the circadian clock circuit in Arabidopsis 
(A) The circadian clock circuit in Arabidopsis (adapted from Fogelmark & Troein, 
2014). Morning and night expressed genes of the Arabidopsis circadian clock are 
indicated with yellow and grey colors, respectively. Transcriptional and post-
translational regulatory mechanisms are indicated by solid and dotted lines, 
respectively. Proteins are only shown for the E3 ubiquitin ligase CONSTITUTIVE 
PHOTOMORPHOGENIC 1 (COP1) and ZTL. The Evening Complex (EC) is negatively 
regulated by COP1 which targets ELF3 for degradation. Conditional activation of PRR9 
by RVE8 is indicated with a double arrow. Addition to the F2014 scheme are the 
LWD1 interactions (Wang et al., 2011) (B) Peaking times of mRNA levels of clock 
components in Arabidopsis (adapted from Fogelmark & Troein, 2014). Transcript 
levels of the MYB-related transcription factors LHY, CCA1 and RVE8 begin rising at 
night and peak at dawn. Transcript accumulation of PRRs sequentially peak during the 
day. ELF3, ELF4, NOX and LUX mRNA levels peak at night.  
 
Mechanisms of regulation of circadian clock activity 
Multiple layers of regulation control circadian clock activity. Transcriptional and post-
transcriptional events are crucial to sustain circadian oscillations. Epigenetic regulation by 
histone modifications, DNA methylation and changes in chromatin status regulate the 
transcription of multiple circadian clock genes (reviewed in Nohales & Kay, 2016). 
Rhythmic changes in the pattern of H3 acetylation at TOC1, CCA1 and LHY promoters 
correlate with the rhythmic accumulation of transcripts of these genes (Perales & Más, 
2007; Song & Noh, 2012). Initiation of transcription via targeted recruitment of the 
transcriptional machinery, which involves the formation of a protein complex with the DNA 
binding transcription factor RVE8 and LNK proteins, regulates TOC1 and PRR5 mRNA levels 
(Ma et al., 2018). Post-transcriptional events such as 5’-end capping, splicing, and 
polyadenylation have also been shown to modulate clock activity. Several oscillator 
components are known to undergo alternative splicing (AS), a process that is influenced by 











Regulation of protein synthesis has a central role in the regulation of circadian clock activity. 
At dawn, when transcript levels of LHY start to decrease, light enhances LHY protein 
accumulation (Kim et al., 2003b). Post-translational events, such as the formation of protein 
complexes, phosphorylation and the regulation of protein stability, refine clock activity.  
These regulatory events include the heterodimerization of CCA1 and LHY proteins (Yakir et 
al., 2009) and TOC1 proteasomal-dependent degradation mediated by the F-box protein and 
blue light photoreceptor ZTL (Más et al., 2003b). In addition, PRR3 has been shown to 
compete with ZTL for TOC1 interaction, a mechanism that it has been suggested to prevent 
ZTL mediated degradation of TOC1 in the vasculature due to the localized expression of 
PRR3 in this tissue (Para et al., 2007) (Figure 4). 
 
 
Figure 4 | Post-translational events regulate circadian clock activity in Arabidopsis 
Regulation of protein stability and subcellular localization refine clock activity. The F-
box protein ZTL targets the clock components TOC1 and PRR5 for proteasomal-
mediated degradation. Protein stability of ZTL is enhanced by blue-light-dependent 
interaction with GI. Phosphorylation of PRR5 and TOC1 enhances their interaction 
with ZTL and undergo proteasomal degradation. TOC1 is protected from ZTL-
mediated degradation by PRR3 and PRR5 through competitive inhibition and 
sequestration into the nucleus, respectively. 
 
The connection between the circadian clock and hormone signaling 
The circadian oscillator has been shown to regulate multiple components in almost all 
hormonal signaling pathways in plants. Genome-wide transcriptome studies have revealed 
that ~ 40% of all hormone related genes in Arabidopsis are under the control of the 











The circadian clock and the auxin signaling pathway 
Auxin (indole-3-acetic acid, IAA) is a key hormone involved in the regulation of most 
aspects of plant growth and development. Auxin acts as a permissive signal for cell division 
(Perrot-Rechenmann Catherine, 2010) and promotes cellular expansion by regulating the 
extensibility of the cell wall (Kutschera & Schopfer, 1986; Perrot-Rechenmann Catherine, 
2010). The mechanisms of regulation of auxin activity encompass extensive transcriptional 
responses of the so-called auxin responsive genes. Auxin responsive elements (AuxREs) are 
present in the promoter regions of direct effectors of growth responses such as cyclins 
(CYCs), EXPANSINS (EXPs), various cell wall modifying enzymes and many components of 
the auxin signaling pathway (Perrot-Rechenmann Catherine, 2010). Transcriptional 
responses associated with the perception of auxin in the cell nucleus are mediated by the 
activity of the transcription factors, AUXIN RESPONSE FACTORs (ARFs). The core 
machinery of auxin signaling, at its simplest, includes ARFs, the F-box TRANSPORT 
INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) receptor and 
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) transcriptional repressors.  
Evidence of the circadian regulation of auxin responses dates back to the 1930s when Went 
and Thimann discovered that the sensitivity to auxin, measured as the degree of growth 
curvature response in Avena tests, varied according to the time of the day (Went & 
Thimann, 1937). These results were later confirmed by Covington and Harmer with an 
elegant experiment that allowed to measure changes in auxin responses with high temporal 
resolution using plants carrying a synthetic auxin promoter (DR5) driving the expression of 
a luciferase reporter (Covington & Harmer, 2007). It is now a well-established fact that the 
auxin signaling pathway, from the regulation of hormone levels to perception and 
responses, is under extensive circadian control (Covington & Harmer, 2007). Accumulation 
of free auxin is rhythmic, reaching maximum levels at noon (Nováková et al., 2005). The 
Myb-like transcription factor REVEILLE1 (REV1) links the circadian clock with auxin 
biosynthesis. RVE1 promotes the accumulation of auxin by regulating the expression of the 
biosynthetic gene YUCCA8 (YUC8) (Rawat et al., 2009). Indirect connections between the 
circadian clock and the auxin signaling pathway include the CCA1 mediated regulation of 
the AUX/IAA transcriptional repressors IAA19 and IAA29 through the chromatin 
remodeling gene PICKLE (PKL) and the PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), a 
circadian clock controlled gene that regulates YUC8-mediated auxin biosynthesis (Zha et al. 
2017; Sung et al. 2012) 
 
The circadian clock and the Jasmonate signaling pathway 
The pioneer work of Farmer and Ryan (1992) with multiple plant species helped to lay the 
foundation of jasmonic acid (JA) as a plant hormone and proposed the existence of a 
signaling pathway that controlled plant defenses (Farmer & Ryan, 1992; Howe, 2019). 
Recently, it has been recognized that the JA signaling pathway is under extensive regulation 
by the plant circadian clock. JA accumulation is under circadian control, peaking in the 
middle of subjective day (Goodspeed et al., 2012). However, the exact mechanisms of 
regulation of JA metabolism by the circadian clock are poorly understood. Additional direct 
connections between the oscillator and JA signaling involve the clock component TIME FOR 
COFFEE (TIC) and the EC complex. TIC acts as a negative regulator of JA signaling by 
controlling the the accumulation of MYC2 protein, a circadian regulated gene that together 
with MYC3 and MYC4 regulates the biosynthesis of defense metabolites in Arabidopsis (Shin 










Moreover, TIC is required for the rhythmic expression of the JA receptor CORONATINE 
INSENSITIVE 1 (COI1). In addition, transcriptome profiling and phenotypic analysis of the 
lux-6 mutant revealed an additional link between JA signaling and the circadian clock, the 
repression of MYC2 transcription by the EC complex through the direct binding to the LUX 
BINDING SITE (LBS) present in the MYC2 promoter (Zhang et al., 2018).  
 
Outputs of the plant circadian clock 
The manifestations of the internal clock or circadian outputs, include, among others, organ 
movements, floral scent emission and chloroplast migration (Martin & Meidner, 1971; Britz 
& Briggs, 1976; Koop et al., 1978; Schmid & Koop, 1983). Evidence of the existence of 
circadian rhythms was first documented in the 18th century when de Mairan reported that 
the daily leaf movements of a sensitive heliotrope plant persisted under continuous dark 
conditions (de Mairan, 1729). Functionally, circadian clock regulated movements in plants 
have been associated with the protection of vegetative and reproductive organs from abiotic 
factors, foraging for light and resources, temperature regulation and pollinator attraction. 
Diverse floral movements have been shown to enhance the efficiency and accuracy of insect-
mediated pollination (Ruan & da Silva, 2011; Atamian et al., 2016).  
Leaf movements are some of the best documented clock outputs and their analysis has been 
routinely used to measure internal rhythms in plants (Engelmann et al., 1992). These 
movements are driven by unequal rates of irreversible cellular growth in opposite sides of 
the moving organ or by reversible changes in the cell volume in specialized organs such as 
the pulvini (turgor driven movements) (Firn & Myers, 1989). In Arabidopsis, the 
mechanisms governing leaf movements involve growth and turgor differences between cells 
in adaxial and abaxial sides of the petiole (Dornbusch et al., 2014). Other organ movements 
such as those that regulate flower orientation, the ubiquitous circumnutation of stems, a 
revolving movement of elongating organs whose study was pioneered by Charles Darwin 
and his son, and the nightly reorientation of sunflower heads are also under the control of 
the circadian clock (Engelmann et al., 1992; Niinuma et al., 2005; Atamian et al., 2016; Yon 
et al., 2016). Mechanistic studies on plant movements have a long and illustrious history, 
starting before and including Darwin’s hypothesis of an evolutionary association among 
different types of plant movements (Darwin, 1880). Despite this long, 150 year plus history 
of research, the molecular mechanisms that operate in the stimulus-response chain of 
rhythmic plant movements are still poorly understood. 
Plants, due to their sessile nature, have evolved complex signal transduction mechanisms 
that allow them to respond to different environmental challenges e.g. herbivores, pathogens 
and competitors. Chemical defenses against herbivores rely on secondary metabolites such 
as glucosinolates (GS), alkaloids, flavonoids and terpenoids. Previous studies have shown 
that the feeding activity of herbivores as well as the accumulation some of JA-related 
defense compounds are under the control of the circadian clock (Goodspeed et al., 2012). 
Disruption of the circadian clock render plants more susceptible to herbivore attack, and 
plants entrained out-of-phase suffer higher tissue loss, demonstrating the importance of the 
plant circadian clock in the regulation defense responses against herbivores (Goodspeed et 
al., 2012, 2013). It has been suggested that circadian changes in JA levels could mediate the 











Recent evidence supports a broader function of the circadian clock in the regulation of plant 
defenses (Joo et al., 2018). Therefore, it is conceivable that clock-mediated regulation of 
additional steps in the JA pathway may contribute to control additional defense traits. 
 
The circadian clock system in non-model plants 
The generation of collections of mutants in Arabidopsis and the development of tools for 
monitoring gene expression with high temporal resolution facilitated rapid advances in the 
elucidation of the molecular architecture and function of the circadian clock in Arabidopsis. 
To this date, several clock components have been identified in many plant species e.g. rice 
(Oryza sativa) (Izawa et al., 2011), soybean (Glycine max) (Liew et al., 2017; Marcolino-
Gomes et al., 2017), and the ice plant (Mesembryanthemum crystallinum) (Boxall et al., 
2005). The clock genes LHY, TOC1, ZTL and FLAVIN-BINDING, KELCH REPEAT, F BOX 1 
(FKF1) have also been identified in the wild tobacco plant Nicotiana attenuata (Table 1; Yon 
et al., 2012). Analysis of the transcript levels of LHY, TOC1 and FKF1 revealed that the these 
genes oscillate in a similar way to their counterparts in Arabidopsis. Ectopic expression of N. 
attenuata LHY and ZTL in Arabidopsis resulted in similar hypocotyl and flowering time 
phenotypes to that observed in Arabidopsis LHY and ZTL overexpressors. Moreover, the 
protein-protein interaction between TOC1 and ZTL described in Arabidospsis is also 
conserved in N. attenuata (Yon et al., 2012).  
 
Gene Gene id Peaking time Molecular function 
TOC1 NIATv7_g15373 Dusk Transcription factor 
LHY NIATv7_g29102 Dawn Transcription factor 
ZTL NIATv7_g26018 Night (protein) Regulation of protein turnover 
FKF1 NIATv7_g16690 Dusk Regulation of protein turnover 
Table 1 | Circadian clock genes in N. attenuata 
 
Nicotiana attenuata: an ecological model system to study the role of the circadian clock in 
plant-insect interactions  
 
The wild coyote tobacco N. attenuata (Solanaceae) is an annual plant native to the Great 
Basin Dessert. It germinates from long-lived seedbanks in post-fire soils with high nitrogen 
contents (Lynds & Baldwin, 1998). Three decades of field and laboratory studies, an 
extensive number of transgenic lines silenced in ~ 200 genes and large amounts of 
transcriptomic and metabolomic data has allowed to better understand how this plant 
copes with enemies, competitors and pollinators (Figure 5). Previous studies have identified 
traits that are important for the interaction between N. attenuata and its community 
pollinators and herbivores. Jasmonates are central in these processes. JA regulates defense 
responses against generalist and specialist herbivores in both vegetative and reproductive 
tissues (Kessler et al., 2004; Li et al., 2017, 2018d). Floral scent emission and nectar 










attenuata’s main pollinator, Manduca sexta moths, whose larvae also feeds in this plant. This 
wild tobacco species solves the dilemma of attracting pollinators or defending against 
herbivores via JA-mediated changes in flower phenology that trigger a shift to pollinators 




Figure 5. N. attenuata and its community of herbivores and pollinators 
 
(a) N. attenuata plants growing in their native habitat in the Great Basin Desert (D. 
Kessler). (b-h) Herbivores of N. attenuata. (b) The leafhopper Empoasca sp. (A. 
Kessler). (c) The sap-sucking bug Tupiocoris notatus (A. Kessler). (d) The tobacco 
budworm Heliothis virescens (A. Steppuhn). (e) The beet armyworm Spodoptera 
exigua. (f) The seed feeder Cormelina extensa (D. Kessler). (g) The tomato hornworm 
M. quinquemaculata (D. Kessler). (h) The tobacco hornworm Manduca sexta (D. 











Overview of the dissertation 
 
The chapters of this dissertation are organized to guide the reader through my investigation 
on the role of the circadian clock in the regulation of two key reproductive (chapters 1-3) 
and defensive (chapter 4) traits in the wild tobacco species N. attenuata.  
In Chapter 1 I present the phenotypic characterization of lines silenced in the expression of 
the clock components LHY and ZTL. This chapter describes circadian clock regulated traits 
in flowers. These traits comprise the timing of corolla opening, scent emission and changes 
in floral orientation, which are the subject of the next two chapters. In Chapter 2 I 
investigated whether the alteration of rhythmic traits in flowers by means of genetic and 
physical manipulations influence the interaction between N. attenuata and its main 
pollinator, M. sexta moths. Pollination experiments with M. sexta moths demonstrate that 
altering the timing of scent emission, flower orientation and flower opening, influences 
outcrossing rates and the production of seed capsules. Moreover, the physical manipulation 
of flower orientation highlights the importance of this circadian regulated trait in 
determining pollination success. In Chapter 3 I present the molecular mechanisms 
underlaying circadian changes in flower orientation in N. attenuata. This rhythmic 
movement results from the activity of the pedicel, which is able to move even when excised. 
Two movement characteristics of the pedicel separate them from previously studied growth 
movements: that the pedicel originates from a floral meristem and that the axis of the 
movement is restricted in two dimensions. The fact that pedicel movements are restrained 
in two dimensions allowed to reconstruct the molecular events that mediate differential 
growth and the subsequent curvature responses in the pedicel that make flowers to move. 
Spatially and temporally resolved transcriptome and direct hormone measurements 
revealed that the hormone auxin has a central role in the regulation of pedicel movements, 
and that the clock component ZEITLUPE is necessary for normal auxin signaling in this 
organ. Further investigation of the mechanisms of ZTL-mediated regulation of the auxin-
signaling pathway revealed that this protein interacts with the auxin transcriptional 
repressor IAA19, a gene that facilitates pedicel movements. This novel and direct 
connection between could mediate the daily changes in auxin sensitivity and responses 
described by Went and Thimann (Went & Thimann, 1937) and subsequent researchers, 
which is considered in more detail in the discussion part of the dissertation. 
In Chapter 4 I present the role of the circadian clock in the context of plant-herbivore 
interactions. Specifically, the interaction between N. attenuata and the generalist herbivore 
Spodoptera littoralis. Abrogation of ZTL expression rendered plants more susceptible to S. 
littoralis attack. ZTL silenced lines have lower levels of the jasmonate (JA)-induced defense 
compound nicotine. Further investigation on the molecular mechanisms underlaying the 
reduced nicotine levels in ZTL silenced plants revealed that this gene is involved in the 
regulation of JA signaling. Homologous to the to the interaction between ZTL and IAA19 
presented in the previous chapter, we found that ZTL physically interacts with JASMONATE 
ZIM domain (JAZ) proteins. Moreover, ZTL regulates the stability of JAZ proteins, in a 
CORONATINE-INSENSITIVE1 (COI1) independent manner and, in this way, regulates the 














Silencing Nicotiana attenuata LHY and ZTL alters circadian rhythms in flowers 
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In Manuscript 1, we investigated the role of circadian clock in the regulation of flower 
opening, scent emission and changes in flower orientation. We analyzed the kinetics of 
corolla expansion, flower angle and the emission of the main flower volatile benzyl 
acetone (BA) in plants growing under normal day-night cycles (LD) and continuous light 
conditions (LL). We generated lines silenced in the expression LATE ELONGATED 
HYPOCOTYL (LHY) and ZEITLUPE (ZTL) using a RNAi approach. To examine the internal 
rhythms of these lines, we measured the transcript abundance of the circadian regulated 
gene CHLOROPHYLL A/B BINDING PROTEIN 2 (NaCAB2). Silencing both ZTL and LHY 
altered the rhythmic mRNA oscillation of NaCAB2 in LL conditions. Moreover, the vertical 
movement of flowers started earlier in irLHY and was accompanied by an anticipated 
flower opening and emission of the floral volatile BA. Traits that were almost completely 
abolished in ZTL silenced plants. In this chapter we demonstrate LHY and ZTL are 
components of the circadian clock in N. attenuata and that they have a central role in the 
regulation of rhythmic outputs in flowers.  
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In manuscript 2, we addressed the adaptive value of rhythmic traits in flowers in the 
context of the interaction with the plant’s main pollinator Manduca sexta moths. We found 
that pollination efficiency was significantly reduced both in terms of number of capsules 
and seed set when plants were silenced in the expression of different circadian clock 
components, demonstrating the importance of the circadian clock in plant-pollinator 
interactions. Moreover, the physical manipulation of flower orientation highlighted the 
importance of this circadian regulated trait in determining pollination success mediated 
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In manuscript 3, we explored the connection between the auxin signaling pathway and the 
circadian clock in the regulation of the rhythmic movement of flowers in N. attenuata. We 
found that silencing the expression of clock component ZEITLUPE (ZTL) rendered flowers 
motionless and altered auxin signaling and responses in the flower pedicel, the organ 
responsible for the daily changes in flower orientation. Spatially and temporally resolved 
transcriptome and direct hormone analysis indicated that auxin has a central role in the 
regulation of this movement. A result that was confirmed with pharmacological 
treatments with auxin and auxin transport inhibitors. Further analysis revealed that 
ZEITLUPE is necessary for normal pedicel movements and auxin signaling in the flower 
pedicel. Moreover, we found that ZTL interacts with the auxin transcriptional repressor 
IAA19, a gene that facilitates pedicel movements, revealing a novel and direct link 




Lucas Cortés Llorca designed the study, performed experiments, and analyzed the data. Ran Li, 
Felipe Yon, Martin Schäfer, and Christelle A. M. Robert performed experiments and analyzed the 
data. Ian T. Baldwin, Rayko Halitschke and Sang-Gyu Kim designed and coordinated the study. 
Lucas Cortés Llorca and Ian T. Baldwin wrote the manuscript. 
  
 












ZEITLUPE in the Roots of Wild Tobacco Regulates Jasmonate-Mediated Nicotine 
Biosynthesis and Resistance to a Generalist Herbivore 
 
 
Li R, Cortés Llorca L, Schuman MC, Wang Y, Wang L, 
Joo Y, Wang M, Vassão DG, Baldwin IT. 
Published in Plant Physiology 







In manuscript 4, we explored the connection between the jasmonate (JA) signaling 
pathway and the circadian clock. Plants deficient in JA signaling were more susceptible to 
herbivores because of deficiencies in defensive trait expression. We found that N. 
attenuata plants silenced in the expression of the clock component ZEITLUPE (ZTL) by 
RNAi have attenuated resistance to the herbivore Spodoptera littoralis and that this effect 
is mediated by the reduction in the accumulation of nicotine in leaves. Protein-protein 
interaction experiments evidenced that ZTL can directly regulate JA signaling by 
interacting with JASMONATE ZIM domain (JAZ), and in this way, control the JAZ-MYC2 
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document, 171.5 KB 
Figure S1. Related to Figure 1. Asymmetric transcriptional responses 
between adaxial and abaxial tissues of the pedicel. Violin plots showing the 
signal intensity of probes in clusters I, III, and V. A selection of genes 
associated with each cluster is shown. 
tpj14732-sup-0002-
FigS2.pdfPDF 
document, 147.8 KB 
Figure S2. Related to Figure 5. IAA19-like characterization. (a) Phylogenetic 
tree of the Aux/IAA gene family based on protein coding sequences from 11 
eudicot species. The IAA5/6/19 clade is indicated in grey. Genes from 
different species are represented by different colours. (b) Heatmap 
representation of tissue-specific expression of genes of the IAA5/6/19 clade. 
Leaf, root, and stem treated samples were collected from WT plants treated 
with Manduca sexta oral secretions (see Brockmöller et al. , 2017 for 
additional experimental details). (c) Transcript levels of IAA19-like in pedicels 
of EV plants in response to increasing concentrations of IAA determined by 
hybridization with colour-coded probes (mean ± SEM, n  = 3–4). Pedicels 
were collected at ZT0 and incubated under white light for 45 min at the 
indicated auxin concentration. (d) Nuclear localization of IAA19-like in 
epidermal cells of N. benthamiana leaves. From left to right: bright field, 
SV40NLS–CFP, IAA19-like–YFP, and merged images. Bar, 20 µm. 
tpj14732-sup-0003-
FigS3.pdfPDF 
document, 49.4 KB 
Figure S3. Tissue-specific and temporal expression patterns of ZTL in the 
pedicel. (a) Expression levels of ZTL in different tissues. Leaf, root, and stem 
treated samples were collected from WT plants treated with Manduca 
sexta oral secretions (see Brockmöller et al. , 2017 for additional 
experimental details). (b) Temporal expression patterns 
of ZTL and IAA19- like in adaxial and abaxial tissues of the pedicel. 
tpj14732-sup-0004-
TableS1.pdfPDF 
document, 41.7 KB 
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Excel, 25.8 KB 
Data S2. Differentially expressed genes in pedicels of irZTL plants relative to 
the EV controls. 
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MovieS1.mp4MPEG-
4 video, 5.8 MB 
Movie S1. Time-lapse movie of the diurnal changes in orientation 
of Nicotiana attenuata flowers. 
tpj14732-sup-0008-
MovieS2.mp4MPEG-
4 video, 250 KB 










































































ZEITLUPE in the Roots of Wild Tobacco Regulates Jasmonate-Mediated Nicotine 




















































































































































































































































































I will begin this discussion with an overview of functional genomics approaches used to 
explore the circadian system in plants, then outline the challenges and opportunities of 
circadian research in non-model organisms, and finally discuss the results presented here 
in light of the current knowledge on the function of the plant circadian clock.  
 
Uncovering the circadian clock circuit in plants  
“You could never meaningfully predict what 
these genes would be about” – Jeffrey C. Hall 
Genetic variants and gene manipulations have been extensively used in chronobiology to 
explore the molecular architecture of the circadian clock that might not have been 
experimentally possible otherwise. Classical forward genetic approaches such as mutant 
screenings and genetic mapping-cloning allowed the discovery of the first circadian clock 
genes in the model plant Arabidopsis thaliana. Chemically mutagenized seedlings 
expressing a luciferase enzyme under the control of the promoter of the circadian 
regulated gene CAB2 were used to identify the first circadian clock mutant in plants, 
timing of CAB expression (tocl) (Millar et al., 1995). Subsequent approaches have 
exploited other clock regulated outputs for phenotypic screenings of clock mutants such 
as the photoperiodic control of flowering time and leaf movements. Photoperiodism is 
controlled by the circadian clock through the regulation of CONSTANS, a gene that under 
inductive long day conditions promotes the accumulation of the floral activator 
FLOWERING LOCUS T (Sawa et al., 2007). The discovery of a mutant line with a day length 
insensitive early flowering phenotype lead to the identification of the clock component 
ELF3 (Zagotta et al., 1996; Hicks et al., 1996). Insertional mutagenesis in which a transfer 
DNA (T-DNA) is introduced into the plant gDNA to disrupt genes by means of random 
integration allowed the discovery of the central oscillator component LHY, which was 
identified from a population insertional mutants that contained activator/deactivators 
(Ac/Ds) transposon insertions (Wilson et al., 1996). The lhy mutation was found to 
influence the flowering time, leaf movements and altered the rhythmic accumulation of 
mRNAs of circadian controlled genes.  
One of the most utilized methods in forward genetics is quantitative trait loci (QTL) 
mapping. This approach requires to generate mapping populations, define genotyping 
markers, phenotype the trait of interest and finally perform statistical analysis to identify 
loci associated with the trait of interest. QTL mapping has been used to explore the genetic 
basis of natural variation of circadian rhythms and changes in the circadian clock system 
associated with the domestication of crops, which lead to the identification of the 
Arabidopsis homologs EDI1 and NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED 













Reverse genetics approaches such as gene silencing using antisense (AS) or inverted-
repeat (IR) constructs that cause the reduction of gene transcripts via RNA interference 
(RNAi) or ectopic expression of a gene of interest have been used in gene dosage and 
complementation experiments to characterize the function of clock genes in plants (Wang 
& Tobin, 1998; Schaffer et al., 1998; Más et al., 2003a; Nakamichi, 2011). To date, a large 
number of circadian clock components have been identified and characterized using these 
approaches. 
 
The circadian clock in non-model plants: challenges and opportunities 
 
There is an association between the distribution of plant species and habitat types. Each 
habitat is accompanied by a set of characteristics in both the biotic and abiotic context, 
which have sculpted the life history traits that allow plants to reach, establish and persist 
in their ecological niche. For almost all plants sunlight is only available for a part of the day 
due to Earth’s rotation. The circadian clock is thought to have evolved to address 
biological challenges that are ubiquitous such as day-light cycles. However, different plant 
species have evolved life histories in response to predictable and specific changes in their 
environment such as the timing of herbivore attack and pollinator activity or specific 
abiotic stress factors. Because the circadian system does not seem to differ in higher 
plants (McClung, 2013), the contribution of the clock in the adaptation to specific 
ecological niches could be mediated by the recruitment of specific components of output 
pathways that may differ between species. 
Model organisms are widely used to study circadian clocks. In plants, A. thaliana is an 
accessible and convenient system to study the plant circadian system. Modern sequencing 
and genome editing tools are enabling researchers to extend circadian research to non-
model organisms. Advances in functional genomics have facilitated the identification of 
circadian clock genes in multiple plant species. However, the characterization of these 
genes is still limited by difficulties in the generation of stably genetically modified (GM) 
plants and the scarcity of collections of mutants available. In addition, the characterization 
of clock genes in non-model organisms requires the implementation of time-resolved 
assays to monitor internal rhythms that frequently need to be adapted or specifically 
developed for the species under investigation. Monitoring cotyledon movements has been 
routinely used to measure internal rhythms in Arabidopsis and represents a simple 
alternative for the implementation in non-model species (Greenham et al., 2015). 
However, the success of this approach largely depends on the species under investigation 
(Andersen & Koukkari, 1979). Overcoming these difficulties associated with stablishing a 
new system for chronobiological research grants access to study additional facets of the 
plant circadian clock. 
N. attenuata is a well-adapted species to the post-fire environment. Plants germinate from 
long-lived seedbanks after the perception of smoke cues and preferentially use ammonia 
(NH4+ ), which is enriched in soils after a fire, over nitrate as source of nitrogen for the 
production of nicotine (Baldwin et al., 1994; Lynds & Baldwin, 1998). In its native habitat, 
N. attenuata is exposed to a well-characterized community of herbivores and pollinators 
and it has evolved a suite of strategies that determine the way this species interacts with 
the biotic environment. Inhabiting a desert habitat is also associated with abiotic 
challenges such as water limitation and extreme temperatures. Having this plant species 










oscillator in the regulation of traits that are relevant for the ecological performance of N. 
attenuata, and possibly other desert plants. 
 
Circadian clocks at the wild frontier 
Most approaches used to investigate the adaptive value of circadian rhythms are 
performed under controlled laboratory conditions. However, changes in light, 
temperature and humidity conditions are a limited representation of the environmental 
complexity that plants face under natural conditions. Thus, the extrinsic adaptive value of 
circadian rhythms cannot be fully addressed in the laboratory. Chronobiological research 
in natural environments is an emerging field which requires novel approaches and 
techniques to measure rhythmicity at different levels of biological organization in the field. 
Temporally resolved “omics” approaches are emerging as powerful tools to monitor daily 
rhythms in field experiments. In a landmark study, time series transcriptome analysis in 
leaves of rice (Oryza sativa) carrying a null-mutation in the clock component GIGANTEA 
(GI) was used to explore circadian regulated gene expression in the field (Izawa et al., 
2011). Time progression, based on transcriptome data, was severely altered in 
the osgi mutant (Matsuzaki et al., 2015) which supports that genetic manipulations of the 
clock circuit can be used to explore the adaptive value of circadian rhythms in plants 
growing in natural environments. Over the last decades of research in N. attenuata, the 
molecular, chemical, and ecological tools to address the function of genes in nature have 
been developed. Having this plant species established as a circadian system will allow 
circadian research to expand into ecologically relevant conditions. In nature, plants are 
exposed diverse and temporally complex stimuli. Thus, field trials with plants modified in 
their internal time, such as the ones presented here (irTOC1, irLHY and irZTL), in 
combination with “omics” approaches could provide new and unexpected insights into 
different facets of the oscillator.  
 
The connection between the circadian clock and auxin signaling in the regulation of 
reproductive traits in N. attenuata 
There are many instances in which flowers attract pollinators that are only active at 
specific times of the day. Thus, the timing of floral advertisement is a key factor for 
reproductive success. Floral rhythms have long been recognized to be under the control of 
the circadian clock. N. attenuata flowers have white-tubed fragrant flowers that change in 
orientation during the day, open and emit scent at night. Altering the time-of-day specific 
orientation of flowers by means of genetic of physical manipulations is sufficient to alter 
the interaction between flowers and the plant’s main pollinator, M. sexta moths (chapters 
1 and 2). Many plant movements that occur in response to directional stimuli e.g. tropisms 
are regulated by auxin whereas the molecular basis of those that are autonomous 
(circadian regulated) remain largely unknown. Covington and Harmer elegantly 
demonstrated that auxin signaling and responses are under the control of the circadian 
clock (Covington & Harmer, 2007). Here, we found that ZEITLUPE is central component in 
the regulation of the auxin-mediated growth movements of flowers in N. attenuata 
(chapter 3). Moreover, we identified a novel and direct signaling connection between the 
auxin and the circadian clock signaling pathways, the interaction between ZTL and 
Aux/IAA proteins (Figure 1). It has long been recognized the striking similarities between 
the auxin and jasmonate (JA) signalling pathways, which now adds the interaction 










Given the similarities between these two signaling pathways and the multilayered-
regulation of the JA signaling by the circadian clock, it is conceivable that additional 
components of the TIR1/AFB–Aux/IAA co-receptor pathway could also be under circadian 
control. Identifying where the clock and the auxin signaling pathways precisely intersect 
will be crucial to understand how the clock mediates the temporal changes in auxin 
sensitivity that were first described by Went and Thimann in 1937.  
 
Figure 1- Auxin signaling and responses are under the control of the circadian clock 
IAA homeostasis, perception and responses are under the control of the circadian. (A) 
IAA levels oscillate in a circadian fashion. The expression of the MYB-related 
transcription factor RVE1 is under the control of the circadian clock. RVE1 positively 
regulates the expression of the auxin biosynthetic gene YUCCA8 (YUC8) providing a 
mechanism for the temporal regulation of auxin levels by the circadian clock. (B) The 
circadian clock regulates the transcript levels of the auxin transcriptional repressors 
Aux/IAAs and AUXIN RESPONSE FACTORS (ARFs) through unknown mechanisms. 
The circadian clock component ZTL physically interacts with Aux/IAAs and possibly 
regulates their stability. Additional clock components could directly regulate other 
















The connection between the circadian clock and JA signaling in the regulation of defense 
traits N. attenuata 
Plants produce a wide range of secondary metabolites that can deter or poison herbivores 
and are key determinants of plant fitness. The production of these metabolites largely 
depends on the biotic context, developmental stage, and the plant nutritional status. Their 
synthesis requires signaling and metabolic pathways that may differ between species. In 
Arabidopsis, the basal levels of glucosinolates (GSs) in leaves is under the control of the 
circadian clock. This class of compounds are largely limited to species of the order 
Brassicales and are synthesized from amino acids. GS biosynthesis is regulated by the 
defense hormone JA and occurs in different organs. Diurnal changes in the levels of JA 
have been suggested to drive circadian oscillation in GSs contents (Goodspeed et al., 
2012). However, additional signaling connections between the circadian clock and the JA 
signaling pathway, such as the interaction between the transcription factor MYC2 and 
TIME FOR COFFEE (TIC) and the EC complex, support a more complex regulation of JA 
signaling by the oscillator. 
The accumulation of the pyridine alkaloid nicotine, common to Nicotiana species, is one of 
the best-studied resistance traits against herbivores. Nicotine biosynthesis is restricted to 
roots and it is also regulated by jasmonates. Accumulation of nicotine in the leaves of N. 
attenuata is under the control of the plant circadian clock (chapter 4). Despite the similar 
role of the circadian clock in the regulation of basal levels of nicotine and GSs, the two 
main defense compounds in Nicotiana and Arabidopsis respectively, the underlaying 
mechanism by which the clock regulates their accumulation in leaves differ substantially 
between these two species. The circadian clock controls basal levels of nicotine through 
the regulation of intermediate steps in the JA-signaling pathway rather than through the 
modulation of JA levels in leaves as it has been reported for GSs. In N. attenuata, the clock 
controls JA signaling by regulating the stability of JAZs proteins and therefore the JAZ-
MYC2 module that regulate nicotine biosynthesis in the roots. The protein-protein 
interaction between ZTL and JAZs defines a novel connection between the JA and the 













Figure 2- The multi-layered regulation of the JA signaling pathway by the circadian 
clock 
JA homeostasis, perception and responses are under the control of the circadian. (A) 
JA levels oscillate in a circadian fashion in Arabidopsis leaves. (B) The circadian clock 
regulates the expression of the JA receptor COI1 and the transcription factor MYC2. 
The EC complex binds to the promoter and regulates the expression of MYC2. The 
circadian clock component TIC is required for rhythmic COI1 expression under 
diurnal conditions. TIC physically interacts with MYC2 to deplete MYC2 protein 
accumulation in a time-of-day dependent manner (C) The circadian clock regulates 
the stability of JAZs transcriptional repressors. ZTL physically interacts with JAZs to 
deplete JAZ protein accumulation. ZTL and JAZs proteins interact through their LOV 





















Plant defenses against herbivores and pollinator syndromes describe a wide range of 
adaptations that allow plants to thrive in their natural environments. The plant circadian 
clock address challenges associated with the interactions with both herbivores and 
pollinators, whose activity, foraging and feeding rhythms are also under the control of 
their own circadian clock. Plant-insect coevolution likely involves changes in the circadian 
system of the interactive partners to timely synchronize different events and optimize 
their performance. The auxin and jasmonate signaling pathways regulate key defensive 
and reproductive traits, that shape how N. attenuata interacts with herbivores and 
pollinators (Figure 3). Thus, the clock mediated regulation of these hormonal signaling 






Figure 3- The multifaceted role of the plant circadian clock in the regulation of plant-
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In the eighteenth century, scientists realized that the daily movements of plant leaves were 
driven by an endogenous rhythm that resonate with the external light-dark cycle. It is now 
well established that the timekeeper mechanism that drives these rhythms, the so-called 
circadian clock, regulates much of a plant metabolism, physiology and behaviors, and 
dictates how plants interact with their biotic and abiotic environment.  
This work describes the role of the circadian clock in shaping mutualistic and antagonistic 
interactions between plants and insects. Specifically, this work elaborates in the connection 
between the clock and two hormone signaling pathways in the regulation of reproductive 
and defensive traits that determine how Nicotiana attenuata plants interact with pollinators 
and herbivores. Phenotypic characterization of lines genetically modified in their 
endogenous rhythm by silencing the expression of different clock genes revealed far-
reaching roles of the circadian system in the regulation of plant-insect interactions in this 
wild tobacco species. Disruption of normal clock activity changed the timing of flower 
opening/closing, the nightly emission of the floral volatile benzyl acetone (BA), diurnal 
changes in flower orientation, and the accumulation of the jasmonate-related compound 
nicotine in leaves of N. attenuata. Silencing the expression of the clock component ZEITLUPE 
(ZTL) altered the auxin-mediated growth movements of flowers, reducing outcrossing rates 
mediated by the plant’s main pollinator, Manduca sexta moths; whereas in leaves, 
abrogation of ZTL expression caused the reduction of nicotine accumulation, which 
rendered plants more susceptible to the attack of the generalist herbivore, Spodoptera 
littoralis.  
I furthermore present evidences of a novel and direct link between the circadian clock and 
the auxin and jasmonate signaling pathways that shape how N. attenuata plants interact 
with their biotic environment: the direct protein-protein interactions between ZTL and 
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAAs)/ JASMONATE ZIM DOMAIN (JAZs) 



















Bereits im 18. Jahrhundert erkannten Wissenschaftler, dass die täglichen Bewegungen von 
Pflanzenblättern durch endogene Rhythmen kontrolliert werden, die in Resonanz mit einem 
äußeren Licht-Dunkel Zyklus stehen. Mittlerweile sind Zeitgeber Mechanismen, die diese 
Rhythmen beeinflussen, nachgewiesen. Die sogenannte circadiane Uhr beeinflusst große 
Anteile des Metabolismus von Pflanzen, ihrer Physiologie und Verhaltens, und beeinflusst so 
wie Pflanzen mit Ihrem biotischen und abiotischen Umfeld interagieren.    
 
Diese Arbeit beschreibt die Rolle der circadianen Uhr, und deren Einfluss bei 
Wechselwirkungen und Interaktionen zwischen Pflanzen und Insekten. Im Besonderen wird 
die Rolle der Uhr in Bezug zu zwei Hormonsignalwegen herausgearbeitet, die pflanzliche 
Fortpflanzungs- und Verteidigungsmerkmale regulieren, und somit bestimmen wie 
Nicotiana attenuata mit Bestäubern und Herbivoren interagiert. Die phänotypische 
Charakterisierung von genetisch modifizierten Linien der endogenen Rhythmen zeigen eine 
umfassende Funktion des circadianen Systems bei der Regulierung von Pflanz-Tier 
Beziehungen in dieser wilden Tabakpflanze. Veränderungen der normalen Uhr-Aktivität 
durch genetische Modifikationen in der Expression von Uhr-Genen führte zu Änderungen 
(1) in der Zeitgebung des Blütenöffnens und -schließens, (2) der nächtlichen Emission der 
floralen, flüchtigen  Substanz Benzylaceton, (3) der tagesabhängigen Schwankungen in der 
Orientierung der Blüten und (4) der Anhäufung der vom Jasmonat Stoffwechsel  abhängigen 
Substanz Nikotin in den Blättern von Nicotiana attenuata. Die Abschattung der Exprimierung 
der Uhr-Komponente, dem Gen Zeitlupe (ZTL), führte zu Änderungen in dem durch Auxin 
vermittelten Wachstum der Blüten, und reduzierte die Auskreuzungsraten vermittelt durch den 
vornehmlichen Bestäuber, dem Tabakschwärmer, Manduca sexta. In den Blättern verursachte die 
Abrogation der ZTL Exprimierung eine Reduzierung in der Nikotin Akkumulierung, die die 
Pflanzen stärker empfänglich für Attacken des herbivoren Generalisten, Spodoptera littoralis, 
machte. 
 
Abschließend präsentiere ich einen Beleg, für einen neuartigen und direkten Zusammenhang 
zwischen der cicadianen Uhr und dem Auxin und Jasmonate Stoffwechsel, der bestimmt wie 
Nicotiana attenuata mit Ihrem biotischen Umfeld interagiert: die direkte Protein-Protein 
Interaktion zwischen ZTL und den AUXIN/INDOLE-3-ACETIC ACID (Aux/IAAs) / 
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